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Micromachine Development in Japan: Trends and 
Projections 

95FE0015 Tokyo TRIGGER in Japanese 

Vol 13 No 10, Oct 94 pp 6-28 


[Article by Keisuke Amakasa] 
[FBIS Translated Text] 


Mechanical Engineering Technology To Change With 
Functional Element Technology 


Functional element technology is made up of micro- 
functional element technology, energy supply technology 
and electronic circuit technology. Micro-functional ele- 
ment technology is further made up of actuator tech- 
nology, sensor technology, locomotive and propulsion 
mechanism technology, etc. It goes without saying that 
this functional element technology is the key to the 
development and production of micromachines. It is in 
this that research has gone the farthest. 


Micromachines Started With Small Gears 


Micromachines first came into limelight with the gears 
developed by Mafuregani [literal] at AT&T Bell Labora- 
tories in 1987. The gears, with a diameter of 125-185um 
(micrometer) and a thickness of only 2-3um could only 
be seen as a speck of dust by the naked eye, and they were 
mechanical parts that could be blown away with a 
breath, just as described. These small gears, which were 
produced using semiconductor technology were man’s 
first steps into the world of micromachines. 


Semiconductors are made by creating a glass film on the 
surface of a silicon substrate by firing it at high temper- 
atures and then applying light sensitive materials, 
reducing and burning in the circuit image and etching. 


With micromachines, films are applied to the silicon 
substrate several times over, or applied in advance to 
multicrystal silicon; gears or grippers are printed and 
etching that leaves behind the parts carried out. They are 
complete if the places where the substrate separates and 
where it is attached are put together well. 


Tai [literal] et al. of the University of California at 
Berkeley developed a motor which was driven by elec- 
trostatic force and had a diameter of 120m using the 
same method. With this, machines that strain the imag- 
ination, such as motors and actuators with diameters of 
several of 1m, were produced one after another. 


Micromachines started out using semiconductor produc- 
tion in this way, but since the realization of microma- 
chines, there has been a great amount of activity in the 
direction of reducing the size of conventional industrial 
products. The Ministry of International Trade and 
Industry thinks of this as one of the prospective winners 
for future mechanical technology and has taken it up in 
a large-scale project, so R&D is gathering momentum in 
this country. 





Research Most Advanced in Functional Element 
Technology 


The real reason that MITI is putting effort into these 
machines which have really not taken shape yet can be 
said to be their having a future. In fact, there are 
expectations for wideranging uses in medical and indus- 
trial fields in the future, but it will be a long journey. 
Even so, there are some examples of concrete successes. 


Most of these successes are in the field of functional 
element technology and are motors or generators, pumps 
and various kinds of actuators. Two companies are 
working on the development of pumps, and Aisin- 
Cosmos Laboratories has developed an “optically driven 
pump” using semiconductor production technology, and 
Hitachi Ltd. has developed an “ultra-small pump” which 
iS a miniaturization of a conventional pump. 


In terms of motors and generators, Matsushita Research 
Institute Tokyo, Inc. has developed an “electrostatic 
microwobble motor” that is driven by electrostatic force 
using semiconductor production technology, and Mit- 
subishi Electric Corp. has developed a “‘microgenerator” 
which is a miniaturization of a conventional generator. 
This company, Olympus Optical Co., Ltd. and others 
have also developed various types of actuators, and 
besides this, there are transformers, sensors, optothermal 
conversion devices that transform light into heat, etc. 
that have been developed by Sanyo Electric Co., Ltd. 


Once this functional element technology has all appeared, 
the next thing is a move to the stage of systemization in 
which products are made through combination. 


There are great expectations for micromachines. How- 
ever, there is a high wall that must be gotten over at all 
costs. This is because elements of mechanics, such as 
friction, that could be ignored at normal sizes can no 
longer be ignored. 


For example, if motors steadily get smaller, the speed of 
rotation gradually weakens, and after reaching a certain limit, 
they can no longer move. The water in a glass is the same, and 
after a certain point, it will no longer comeout, even if we 
turn the glass upside down. If we look at why this phenom- 
enon occurs, volume and mass are reduced according to the 
third power, while surface area is reduced according to the 
second power, so the surface effects gradually come to have a 
greater effect. In the case of a motor, there is competition 
between the power of the motor (drive force) and the resistive 
forces of friction, etc., and in the case of water the surface 
tension overcomes the mass of the water. 


In addition, the smaller something gets, the more easily 
it is affected by the environment. Let us say that we 
develop an ultra-small robot and take it outside. Since it 
is small and light-weight, the wind, which is no problem 
or normal machines, can blow it around. It is affected 
more than we would imagine by the surrounding heat 
and humidity, concentration of solutions and other 
external factors. 
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Static Electric Micro Wobble Motor (Matsushita Research Institute Tokyo) (Inside diameter: Imm, outside diameter: 
1.4mm, with the power of a pager) 








Production Unit for Prototypes 
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Diaphragm Production Process 


Key: 1. (100) surface silicon wafer 2. silicon oxide 
formed on both surfaces of the silicon wafer by thermal 
processing 3. NiCrSi gas sputtering on upper surface 4. 
patterning and etching of NiCrSi and silicon oxide 5. wet 
etching 6. (100) surface silicon (thickness: 250ym) 7. 
silicon oxide which has undergone thermal processing 
(5000 Angstroms) 8. NiCrSi (2000 Angstroms) 








Five Diaphragms in Series (Glass film formed on silicon 
base, 4mm each) 
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Optical Drive Pump (The white tube-like structures on 
either side are optical fibers) 





Glass Film Operated Pump 


Let us take a look at how micromachines are made, what 
the bottlenecks are and what measures are being consid- 
ered for breakthroughs. 


In developing its “optically driven micropump,” Aisin- 
Cosmos Laboratories applies semiconductor production 
technology as the means of production. When a silicon 
surface is oxidized, a glass film is formed. If this is 
further covered with a metal film and the silicon part 
eliminated by means of etching, only the two film layers 
remain. The diaphragm (film) that serves as a pump can 
be created in this manner. When this film is treated with 
heat, it stretches tightly, and the flexion that is important 
for a pump is lost, so it does not undergo thermal 
processing. 


In this way, a film that provides for a large displacement 
because of its rippled surface and is small and thin with 
sides of 0.8mm and thickness of lpm or less can be 
formed. 


“We are asked if the durability of the glass film would be 
sufficient for a pump. Even if it moves 1,000,000 times, 
there is absolutely no problem. In the past, we wouldn't 
have dreamed of making a glass diaphragm,” says Yoshi- 
hiro Naruse, chief researcher for Aisin-Cosmos Labora- 
tories, who worked on the development of this pump. 


Besides this pump, they have produced and are testing a 
prototype pump in which five 4mm square diaphragms 
are lined up as their current prototype. This is called a 
peristaltic pump. The movement of worms, etc., is called 
peristaltic motion, and the diaphragms move in order in 
the same way to successively force the liquid along. 


Use of a peristaltic pump has the merit of little damage 
to the liquid. This is becoming important in blood tests 
and the like. 


The next problem that arises is how to transmit energy to 
the pump. This prototype was operated using air, but it 
was Originally meant to use light. Among the reasons that 
light is used, we can bring up the ability of pinpoint 
transfer of high energy using optical fibers. In addition, if 
we talk integration, we will have a wire monster if not the 
spaghetti syndrome, when we run electric wires to the 
places they go. Furthermore, electricity is easily affected 
by noise, but with optics there is no such problem. In 
addition, because of unknowns, such as the effects of 
electricity on muscle contraction when a catheter is run 
through blood vessels and the optically driven type was 
chosen for medical applications. 


The light that is transported by the optical fiber is 
converted into heat by means of optothermal transfor- 
mation materials. If liquids with low boiling points are 
used, the liquid is changed into a gas by this heat. The 
increase in pressure that occurs at this time is used to 
drive the pump. If it is smail, it is easy to heat and cool. 
This is because the effects of the surface area are strong. 
The fact that it is easy to cool makes rapid cycle 
operation possible. 
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At the present stage, it has the capability of transporting 100p1 of liquid quantitatively at 1Hz (one time per second), 
and it can be raised to 20Hz. 






t 


7477 3.camoRe) 4 BL RS COL VOMMEAAL TaesMetS 2 _ 
Key: 1. diaphragm (normal state) 2. expanded state (These two states are repeated to transport the liquid.) 
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The film is made of glass, but there is absolutely no problem even after 1,000,000 cycles. 








The Diaphragm Itself Is Smaller Than a Match Head 
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Production Process for Microgenerator 


b.vy: 1. (a) core processing 2. (b) insulation layer forma- 
tion after core polishing 3. (c) coil winding processing 
after core layer formation 4. (d) stator fixing 5. housing 
6. (e) rotor processing 7. miniature bearing 8. (f) rotor 
magnetization 9. (g) rotor assembly 10. housing 











If Blown on Power Is Generated 





Microprocessing and Production Technology That 
Impacts Existing Technology 


“The reason we are developing a pump is that there is a 
greater need and it can be thought of as being the closest 
to realization. For example, in terms of medical uses, we 
can consider the introduction of anti-cancer agents and 
irsulin and local pain relief as well as blood tests,” 
explains Naruse. 


In terms of industrial equipment, uses such as introduc- 
tion of small amounts of liquids like lubricants and 
adhesives, as well as uses in bioengineering. Besides this, 
we can consider combining the pump with sensors for 
water sampling in water inspections. It has the power to 
withstand depths of seven meters below the water sur- 
face. 


In terms of problems because of the small size, “mea- 
surement technology is the key, since it is affected by the 
environment more than we would imagine.” There are 





Microgenerator Housed in Glass Tube 
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also problems with the use of light. “The optical connec- 
tion is a problem, and in addition, there are also prob- 
lems such as the efficiency when electricity is converted 
into light. We are wondering if in the future it cannot be 
done with LEDs.” 


Furthermore there is the problem of whether or not this 
pump can be effectively combined with other functional 
element technologies. At this stage, it is all the various 
companies can do to make prototypes. The size and 
means of production are different, and the situation is 
one in which consideration is not being given io combi- 
nations with other things. 


Thus there are a number of hurdles that must be gotten 
over. The highest hurdle is what to do about processing 
technology when these machines are put onto the market 
as industrial products. Presently. we are at the stage of 
prototypes, and they are handmade. The production 
technology must be able to handle things on the ym 
scale. 


“We need a revolution in production technology. How- 
ever, this technology will give feedback to conventional 
technology, and we can expect that the conventional 
technology will also change.” 


The same thing can be heard from Mitsubishi Electric, 
which is developing a “microgenerator.” Since existing 
processing technology has its own world. and since we 
must use production means that are completely different 
from those used up to now, we can assume that newly 
developed processing methods will have a large impact 
on conventional technology. 


Ultra-High Speed Rotation Indispensable for 
Miniaturization of Generator 


The prototype “microgenerator” developed by Mitsub- 
ishi Electric is a conventional generator that makes use 
of electromagnetic force and has been miniaturized to a 
diameter of 7mm and a length of 11mm. Thus, the 
structure is no different from a conventional one. There 
is a rotating shaft in the middle. and a permanent magnet 
known as the rotor is held there: in order for the rotor to 
turn, bearings are used at either end of the shaft. The 
inside diameter is Imm and the outside diameter is 
3mm, and these are the smallest bearings that can be 
acquired among those on the market. 


The outside case is called the housing. The inside of this 
is the stator. This stator is a layering of 11 cores, and in 
this, there are six slots, with 70 coils wound in each of 
these slots. This winding of a total of 420 coils was the 
most difficult job. 


The width of the coil is 30um, making 44um with the 
addition of an insulating film. This coil, which is about 
the width of a human hair, was wound by a veteran 
worker looking through a microscope. 


“The first success is with 420 windings. Four hundred is 
a failure. There are many failures for one success,” says 
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Hiroshi Narumiya, head of the Mitisubishi Electric 
Central Research Laboratory (MELCO) Machine 
Technology Division No. 5 Group. 


A turbine is placed at the head of the shaft, and when air 
is sent through it, the rotor turns and electricity is 
generated in the stator. Even if you blow on it, electricity 
is generated. When you blow on it it runs at about 
10-50,000rpm, but if a vacuum cleaner sucks on it, it 
turns at about 150,000rpm. 


There is nothing in our everyday lives that rotates at 
150,000rpm. Thus, miniature bearings that are used in 
aircraft are used, and the design is one that can with- 
stand 200,000rpm. 


“The reason for the high-speed rotation is that the 
output of generators is determined by the volume, and as 
they get larger, the output gets larger proportionally, but 
with smaller ones, the output is small. In order to have a 
certain level of output even with a small generator. we 
can do nothing but raise the rpm.” 


The size of the prototype is 7mm, but the goal is for 
further miniaturization with an intermediate stage of 
3mm and a final generator of Imm. Thus, the speed of 
rotation must be raised even further, and in the end. the 
target is for ultra-high speed rotation of 500,000rpm. 


R&D Aimed at a Imm Generator 


The most likely candidate for use of this generator is 
using it to supply the electricity in microcapsules. Micro- 
capsules move around, but if they move around without 
a cord, the problem of an energy source arises. In this 
instance, the energy in the surroundings, for example, 
the flow of air or a liquid can be used to generate 
electricity. 


In terms of other uses, Narumiya emphasizes the fact 
that since motors and generators are the opposite of each 
other, it generates electricity if the shaft is turned, but 
conversely, if electricity is supplied, it becomes a motor, 
so it can be used for beth. 


“The market for small generators is still not in sight. but 
there is quite a market for small motors.” 


However, he emphasized the merit of the high energy 
conversion efficiency between the input and output of 
small electromagnetic generators. 


“Speaking of the energy conversion efficiency, compared 
with solar cells, which no matter how hard we try are 
around 20 percent, it exceeds 50 percent in this case. 
Down to around Imm, electromagnetic motors provide 
a high output and are more effective. On the other hand, 
if they get smaller than Imm, it is easier to make static 
electric motors, and I think there are possibilities.” 


This is a research field in which there are many aspects 
that remain to be seen, just like an iceberg, but the bets 
are on the future. Several breakthroughs are being con- 
sidered for making things even smaller. 
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First of all, in order to increase the number of windings, 
we will make the current round wire square. The insu- 
lator layer will be made as thin as possible. However, 
since it will be impossible to wind it by hand, develop- 
ment that makes use of the technology for making 
semiconductors is being pushed forward. 


Second, in order to obtain a high flux density from the 
permanent magnet, the composition must be unified and 
aimed in a single direction. Thus vacuum deposition 
technology is used, and 2 method of layering films is 
being developed. The unifying of stator composition is 
also being considered. 


Third, in order to raise the speed of rotation to 
500,000rpm, the use of air insiead of bearings is being 
examined. 


Micromachine research and development is moving fur- 
ther into the microscopic world in this way, and it is 
moving forward with concrete results. 


Systemization Technology for Creating High-Level 
Motion 


95FEO0ISB Tokyo TRIGGER in Japanese 
Vol 13 No 10, Oct 94 


[Article by Akiko Arai] 


[FBIS Translated Text] Along with the miniaturization 
of micromachines , new control systems and mecha- 
nisms are becoming increasingly important. This is 
because, along with further miniaturization, machine 
functions are reduced, and the intended functions are 
not exhibited. The problem of the control of the func- 
tions themselves is immanent in further miniaturization 
of micromachines. Systemization of technology is 
attracting attention as a means for solving this problem, 
and group management is based on this idea. Here we 
will introduce the most recent thinking on this. 


It has become possible to make gears on the micron 
order and motors with a width of Imm using semicon- 
ductor production technology. Micromachines are 
moving toward realization step by step. But what comes 
after that? Probably, if these gears and motors are used in 
the same way as conventional machines, they will not 
function sufficiently. Thus, along with the creation of 


machines that are appropriate for these new microma- 
chines, we must construct system concepts and grouping 
concepts. 


When we consider the application and practical use of 
micromachine technology, the actual problems are that 
the required power does not arise because of the small 
size, the range of operation is narrow, and supplying 
energy 1s difficult. 


Among these problems, the fact that as the scale becomes 
smaller the functions deteriorate to a great extent is a 
problem for practical applications. This is because just 
turning and just working are far from practicality. Thus, 
improvements in power and miniaturization are diamet- 
rically opposed, and if it is only that the functions are 
limited, systemization in which multiple units are com- 
bined and the problem is solved with the concept of 
“groups” can be used; the technology for this is called 
systemization technology. Thus, the development of new 
mechanisms and control systems is necessary. 


Group Systems Learned From Ants and Muscles 


“There are two concepts of groups. One is a ‘weak 
connection’ like that of ants in which a large number of 
elements gather and work cooperatively, and the other is 
a ‘strong connection’ like that of coral or muscles in 
which elemeris with the same function are combined 
and together exhibit another function,” explains Takeo 
Daidoh, Laboratory Head, Mitsubishi Heavy Industries 
Technical Headquarters, Takasago Laboratory. 


The easiest to understand is probably the image of ants. 
Through the gathering and cooperation of a number of 
ants, the group can move an insect that is larger than any 
of them. Up to now, it has been commonsense to use 
machines such as arms of similar proportions to move 
something large, but here we try to move something with 
a systemization of a collection of ant-like elements. This 
is a weak connection. 


We can explain the other, the strong connection, using 
the example of muscles. Muscles are made up cf cells, 
and each of them has its function. By bringing together 
several tens of thousands or several hundred thousands 
of these, muscles are formed, and they have functions 
that are different from those of the individual cells. 


Thus, “the bringing together of identical elements 
(holons) or ones with the same function and combining 
and systematizing them to create another function is 
called a holonic mechanism,” explains Daidoh. 
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Holonic Mechanism (Linear connection of seven 40mm diameter holons) 





Functions and Problems of String-Shaped Machines 


The goal of micromachines is to work. Working is 
not just moving, but rather it means moving with an 
industrial goal. 


Thus, it is necessary to have a configuration made up of 
holons that have some form of drive element. If we think 
of the holons as rosary beads, this is easy to understand. 
At Mitsubishi Heavy Industries we call a rope-like con- 
nection of these a serial link holonic mechanism 
(SLHM). In this instance, the holons turn by themselves. 
If we connect these together. we have a 3-D parallel link 
holonic mechanism (PLHM), and we can give it 2 variety 
of functions. Furthermore, by letting this change shapes 
as a spider or octopus does, we can add functions 
according tc our goal. 


In this case, however, there are technical problems that 
we must get over for making this practical. 


In the case of conventional machines, electrical connec- 
tions, that is, the use of cables for transmitting elec- 
tricity, are necessary in addition to connections between 


drive sections. However, the existence of cables reduces 
freedom, and this is a cause of reduced movement and 
reliability. In addition, these cables increase the drive 
resistance proportionally as the scale gets smaller, and in 


0 end the resistance becomes greater than the drive 
orce. 


Therefore, intelligent connectors that handle both the 
mechanical connections and the electrical connections 
are necessary. The intelligence level of the information 
transfer between drive sections must be increased and 


the machines made cableless or the cables held to an 
absolute minimum. 


Furthermore, information transfer software (micro-OS) 
that manages the necessary information with high speed 
and reliability will become necessary. This will make it 
possible to attain the goal even if the machine is torn to 
pieces in the process. 


By introducing these two ideas, we think that we can 
reduce the mechanical and electrical restrictions on the 
mechanism. 
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Holonic Octopider (The aim is to pursue this configuration in the future) 
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Configuration of Holonic Octopider (Image) 


Key: 1. vision holon for recognizing path and environment 2. monitor 3. UT inspection 4. energy holon 5. visual 
examination using micro-eye vision 6. vision holon: ITV camera, intelligent connector 7. UT holon 8. sensor box 9. 
articulation holon (small) 10. articulation holon (large): battery, control/communication circuit, chip servo driver 11. 


knowledge holon 12. communications holon 13. tool box 
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Example of Transformation Control 
Key: |. inchworm configuration 2. ring configuration 3. spherical configuration 4. legged or creeping configuration 





Reconfigurable Micromachines 


Since holonic mechanisms are new mechanisms, it 1s 
natural that control methods are necessary. The software 
for operating this systematized hardware is structural 
group control (transformational control). 


In configuring a holofg% mechanism, the problems are 
how many holons there will be and how they will be 
connected. 


For example, one of the uses that have been imagined for 
these is their entering narrow pipes and performing 
inspections. Since there are obstructions such as valves 
in pipes, the micromachine must be able to get by them. 


In such cases, it is difficult to move many rosary beads 
based on one procedure using batch processing. Thus, 
holonic mechanisms are given several basic configura- 
tions, and target functions are realized by controlling the 
joints and reducing the degrees of freedom. 


“At present, we can consider four patterns for transfor- 
mational control. These are the inchworm configuration 
in which the string itself moves forward, the ring config- 
uration which can climb places with differences in levels, 
the spherical configuration which can roll on inclines 
and the leg or creeping configuration. Since this has been 
learned from insects and animals, we consider the joints 
of four legged animals, snakes and grasshoppers. About 
20 holons are appropriate for these configurations,” says 
Daidoh. 


How many of these configurations should be put together? 
This can be said to be a completely new concept. In the 


case of industrial robots the maximum number of articu- 
lations is six. The human arm has seven. In contrast to this, 
micromachines have 40 to 80 articulations. Using conven- 
tional control methods, a supercomputer could not keep 
up with the computations. 


Because of this, the practical image formed and censid- 
ered based on uses 1s that of a “holonic octopider.” It has 
a configuration like the’ of an octopus or spider, and 
sensors Or cameras are .ttached to the end of a feeler or 
antenna. 


At present there is no actual product, and this ts nothing 
more than imagination. This means that there is no 
object or standards for evaluation. Thus, research is 
being pushed forward with the condition of “reducing 
the energy consumption for operation.” 


In terms of changing the configuration, the only methods 
at present are human judgments and external computer 
control, but the form of control is a research theme for 
this year and next year. 


ee Seay Sage Se 


Uses being considered for micromachines are inspec- 
tions of small pipes in nuclear or thermoelectric power 
plants and medical uses. 


Just how far has research gone at present? At the present 
stage, the holons have a diameter of 40mm and the 
material is plastic. Seven of these are connected to each 
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other. The first generation is two of these “ropes” put 
together. It is a combination of turning and bending 
elements modeled on the human arm. 


The second generation, “with a diameter of 10mm and 
silicon or some other material is being examined. We 
would like to complete this centimeter machine in a few 
years,” explains Daidoh. 


“If we can put together 20 with a diameter of Imm for a 
size that will fit into one hand at 2cm in the future, we 
will have reached a practical level.” 


However, when it comes to even smaller millimeter 
machines, there is a need for several new technical 
breakthroughs. At present it is possible to make silicon 
spheres, but it is said that there is a need for new ideas 
for making the surface of the holons into control units. 


In addition to this, the supply of drive power is a 
problem. If it is of a certain size it is possible to 
incorporate batteries, but for example, even if microgen- 
erators become practical, the power that can be obtained 
is small at about 1W, so there are those that ask what 
can be accomplished in reality. 


If there are various types of holons, the manual labor and 
costs will increase when the machine 1s assembled, so it 
is difficult to approach practicality unless identical 
holons are mass produced. 


The shape and structure of conventional machines has 
been matched to uscs like cutting and sharpening. How- 
ever, micromachines can be said to require exactly the 
reverse conceptualization. The difference from conven- 
tional machines is that instead of machines made to 
correspond with specialties, we match the machine that 
is made to the goals. 


Based on these problems, there is a need for bringing 
together the developments and progress of other enter- 
prises that have joined the Micromachine Center and 
developing technology. Even if micromachines are cre- 
ated, it will be difficult to make them practical without 
the accompanying systemization technology. It is not a 
simple problem to determine which should come first, 
but along with the miniaturization of machines, it can be 
said that the better the preparation of a development 
environment in which the knowledge obtained through 
systemization technology is reflected, the greater the 
possibilities that will be opened. 


No Discussion of Micromachines Without 
Substrate Technology 
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[Article by Toshiaki Hidaka] 


[FBIS Translated Text} Among the technologies that are 
indispensable for the development of micromachines, 
we have basic technology, functional element technology 
and systemization technology. Substrate technology is 


just what it says, the technology that forms the basis for 
a wide range including everything from selection of 
materials, to evaluation, processing design, assembly and 
evaluation of function and reliability. If this basic tech- 
nology is not developed, the functional element tech- 
nology and systemization technology that are farther 
down the line just become “pictures of food,”’ rather 
than the real thing. Here, we will discuss the most recent 
Situation in this basic technology. 


Front To Back Electrodes Key Technology for Making 
Blocks 


Research on micromachines is being carried out from 
various angles, but Fujikura, Ltd., which has long been 
established in the electric wire industry, is pushing 
forward research into micromachines for different uses 
by creating functional blocks and making free rearrange- 
ments of them possible. 


‘**Miniature models are often built inside empty bottles, 
aren’t they? In the same way, first breaking the model 
down into parts and then assembling it in the bottle, we 
imagine making blocks for micromachines,” (Takuyo 
Sato, Head, R&D Headquarters Advanced Technology 
Research Center Supervisory Division). 


The key to supporting this technology, which is called 
assembly block (Lego block) technology is “front to back 
electrodes,” but we must first touch upon why this 
creation of blocks is necessary. 


First of all, by creating blocks and rating and standard- 
izing their shape and electrode positioning, we can make 
inspection modules that can be attached and removed. 


Next, by giving them functions for converting the energy 
from each block’s signal processing function and from the 
outside to electrical energy, it is possible to configure a 
multi-use machine from a minimum number of modules. 


Furthermore, the machine can be assembled at the site of 
operations after being introduced in modules. This is the 
same as Sato’s example of the miniature in the bottle. 


This will be discussed later, but these modules are so called 
cordless (no distribution lines) modules, and have excel- 
lent characteristics in terms of weight reduction, func- 
tional integration, heat reduction, repairs on the machines 
themselves and maintenance. In addition, high-speed, 
high-volume signal processing will be possible with the 
inclusion of optical communications functions. 


Distribution Lines Obstruct Miniaturization 


In order to make use of the merits of the creation of 
blocks, the blocks must go together and come apart, 
contacts must be secure and the signals must accurately 
travel back and forth. 


In order to realize this, we must use technology such as 
soldering point control by flame hydrolysis deposition 
(FHD) and impurity concentrations, particle SiO, sol- 
dering with little residual stress, high transparency thick 
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(100um) glass layers, FHD glass sacrificial etching and 
porous silicon layer (PSL) sacrificial etching for con- 
necting the removable blocks, and make it possible to 
attach and detach the assembly blocks. 


Next, in terms of connections: “The blocks are made by 
layering a number of substrates. We don’t know whether 
this will be three layers, five layers or ten layers, but they 
must be connected very well. In other words, if the films are 
not connected in a way in which there is no stress and there 
is a strain, there is the possibility of exfoliation. There is a 
great deal of connection technology in the world, but since 
Fujikura has glass-silicon anode junction (low temperature 
adherence through the movement of sodium ions in glass) 
technology, we decided to apply that technology,” (Sato). 


By improving silicon (activating it by opening small 
pores) exposing it to a particle beam (oxygen ions and 
nitrogen ions) and causing a reaction, we can obtain a 
zero-stress SiONH film. When silicon is oxidized it 
bends because of compression stress, and the nitride 
bends in the opposite direction with tensile stress. By 
fine control of the ratios of oxygen and nitrogen, the film 
stabilizes right in the middle. 


The technology that is used for signal transmission, which 
was the third item, is the “front to back electrode” of the 
leader. If we are using normal sized circuit substrates 
rather than “micro”-sized ones to layer and make the 
blocks, we can use actual wires to send the signal from 
substrate to substrate, but this is not true in the micro- 
scopic world. In any event, even at present, we are in a 
world in which the size of the blocks is 3mm square and 
which is moving toward a final goal of Imm square, so 
there is no margin for using distribution lines. Thus, the 
distribution lines between each of the substrates must have 
a structure that passes through from the front to the back 
of the substrate. This structure must have little electrical 
resistance or static capacitance, and it must be an airtight 
structure such that the atmospheres of the front and back 
substrate surfaces can be controlled independently. Thus, 
high aspect ratio etching and metal embedding technology 
are required. 


“For example, whether a vacuum state or oxygen gas or 
nitrogen gas is better differs according to the sensor. 
Thus, it must be completely sealed. Tight electrodes 
without any gas leaks are necessary.” 


Thus, in order to prevent leaks, a method for electrical 
connections in which holes were opened in a way that left 
the silicon and impurities diffused was used at first, but the 
diffusion resistance was high, and with a large floating 
capacitance, other electrical signals could not be returned, 
sO a new metal to metal junction method with no leaks was 
developed. This is the front to back electrode. It is an 
electrode in which a 2um of metal is vacuum deposited, and 
the size is 300 x 300 x 525m; the leak tightness is 1.0 x 
10°'°Pam,,/sec, the pass-through resistance 1.0Q and the 
pass through capacitance 1-PF. This time aluminum base 
material was used, but depending on the use, chrome or 
titanium can be substituted. 


““Normally, ICs are made on the surface of the substrate, 
but since we want to output the electric signal directly on 
the back side, we developed this pass through electrode. 
We normally take it out laterally with a wire bond, but 
since we want to take it out directly from the bottom, this 
research has been pushed forward. With prior selective 
diffusion, we could only do processing of a depth of 
about 5Oum, and we could not get through to the back of 
a substrate with a thickness of 200-300um. Thus, we 
came up with the idea of trying to get through by 
insulating the silicon and using metal alone, without 
using selective diffusion. However, we must have a pass 
through hole, so we worked hard to get the smallest hole 
possible,” (Takanao Suzuki, Advanced Technology 
Research Center Silicon Technology Research Division). 
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Section of Metal Front to Back Pass-Through Electrode 


Key: 1. front-back surface metal 2. back metal 
3. V groove 4. front metal 








Filling in of Front to Back Pass-Through Electrode 
Key: 1. metal bump 2. Si substrate 
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Functionally Continuous Devices 
Key: 1. assembly block technology, technology for junctions between different types 2. silicon improvement 
technology 3. multilayer signal transmission technology 4. high aspect ratio dry etching technology 5. various types of 
sensor technology 6. microparticle silicon oxide soldered junctions 7. removable connections 





Smaller and Higher Density 


Making this front to back electrode even s.naller and 
raising the density as much as possible is a proslem to be 
taken up from here on, and in the end the intenvon is to 
have light pass through it. For example, LSIs and VLSIs, 
which are being developed on flat surfaces now, could be 
made into solid forms if this is used. In other words, we 
would have 3-D devices. When optical fibers reach 
homes in the future, there are applications in connectors 
for them. In medical fields, for example, a temperature 
sensor could be attached to the tip of a catheter through 
an application of this, and it would become possible to 
measure essential temperatures like temperature of the 
intestines. Front to back pass-through electrodes have 
made it possible to imagine such applications. 


Ins Machine With a Diameter of 5.5mm and a 
Weight of ig 

One of the targets of the “Micromachine Technology 
R&D” project being promoted by the Ministry of Inter- 
national Trade and Industry (MIT]I) is the development 
of a micromachine that can carry out inspections of the 
small pipes in nuclear power plants when they start up. 


._The “micro-inspection machine” developed by the 
Nippon Denso Co., Ltd. Basic Research Center is a 
development close to the realization of this machine. 


Nippon Denso is an auto parts maker connected with 
Toyota Motor Corp. The Nippon Denso Basic Research 
Center is its research division, and it was established in 
March 1991. 


Starting with compact micro-actuator technology, this 
research center has been working on R&D based on the 
four themes of ultrasonic microsensor technology, 
microwave energy transmission technology and the 
microprocessing and connection technology that is 
common to these device technologies. 


In the following we will outline the micro-inspection 
machine that was announced by this research center 
through MITI Agency of Industrial Science and Tech- 
nology (AIST). 

This micromachine has a diameter of 5.5mm and a 
weight of about Ig. An eddy current sensor with a 
diameter of 2mm and a 2 x 3 x 9mm flexible piezo- 
electric actuator are put together, and this piezo-electric 
device is attached to a collar to which the inspection 
machine legs are attached by means of technology for 
directly connecting different materials. In addition, 
when the micromachine is systematized, two points, the 
necessary heat sink measures and incorporation of the 
e.ectronic circuit, are conceived, and silicon micro-heat 
sink fins are attached to the aluminum collar using 
technology for directly connecting different materials. 
Furthermore, ultra-thin 3-D shell structure body pro- 
cessing technology was used to realize the packaging 
technology which is important to micromachine system- 
ization technology. 


Here, we will explain the “technology for directly con- 
necting different kinds of metals” and the “shell body 
processing technology and packaging technology” that 
were mentioned here. 
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The technology for directly connecting different kinds of 
metals makes use of hydrogen bonds. Silicon is a representa- 
tive material for the making of micromachines, but metals 
like aluminum and copper as well as polymers are used. 
Therefore, in order to assemble the microparts made of these 
different materials, there is a need for direct connection 
technology. Not only do we have to avoid deforming the parts 
and thermal damage, but also, we cannot permit dimensional 
errors to arise through the use of adhesives and the like. 


The technology for directly connecting different metals 
is a method developed taking these points into consid- 
eration, and it is a new connection method that makes 
use of hydrogen bonds. After the material has been 
sprayed with ionized water vapor, the water molecules 
are eliminated from the interface using pressure and heat 
on the materials, and they are connected using the 
bonding force of the hydrogen alone. 


Next is the shell body processing technology and packaging 
technology. As has already been discussed, use of micro- 
machines in any environment has been imagined, so in 
order to protect them from environmental damage, there is 
a need for packages that are strong, but do not place a load 
on the actuator. What was developed for this was our shell 
body forming technology. First of all, a microshape form 
was cut out using precision machining technology from our 
high-speed machining center, and next a film with uniform 
micro-roughness was applied to this form and covered 
with a special plating film. After this, the form was 
removed using micro-electric-discharge machining (EDM) 
and etching technology, and the shell body formed using 
only the plating film. 





e 


Micro-Inspection Machine. At the tip is the detection 
sensor, and the clip-like shapes on the right side are the 
clamp structure. 
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Through the use of this shell body processing technology, 
an ultralight package structure with a thickness of 601m, 
a diameter of 5.5mm and a weight of 0.084g was real- 
ized. This processing technology is constructed of pro- 
cesses that combine processing technology from dif- 
ferent fields such as precision machining technology, 
plating technology, micro-EDM and etching technology, 
and it can easily form a complex ultra-thin 3-D hollow 
structure that could not be obtained up to now. 





At the right is the target shell body. It is ultralight with 
a length of 10mm, a diameter of 5.5mm and a weight of 
0.084g. 





Inside of Micro-Inspection Machine 
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Motion Principles for Micro-Inspection Machine 


Key: 1. piezoelectric actuator (expands and contracts with the application of voltage) 2. static friction 3. inertial body 
4. slow expansion 5. rapid contraction — moves to right 6. slow contraction 7. rapid expansion — moves to left 





Microcar: The Start of Micromachine Research 


By the way, the micro-inspection machine developed 
this time can move at a pace of 6mm per second, but the 
principles of motion are in the figure above. In other 
words, a voltage is applied to the piezoelectric actuator, 
which expands and contracts accordingly. In other 
words, when this is done, the piezoelectric actuator 
rapidly expands (or contracts). At this time the inertial 
body remains stationary, but the friction section (legs) 
move. Conversely, if it expands (contracts) slowly, the 
inertial body moves, but the legs do not. 


Naturally there are expectations for applications of this 
micro-inspection machine technology in the small pipes 
at power plants, but there are also expectations for 
applications in various pipe inspection systems for gas 
lines, automobile lines and water pipes. 


“Some of this research center’s micromachine research 
makes use of government funding, but much of it is 
funded by the company, and at present we are in the 
investment stage. Since the economy is in the shape it is 
in, there are demands from the management to quickly 
tie it to something profitable (laughter). Since this com- 
pany is an auto parts maker, we are first looking at 
applications in cars, and after that applications else- 
where”’ (Tadashi Hattori, Assistant Head, Basic 
Research Center). 


Actually, when we announced the opening of the Basic 
Research Center, we were troubled about what we should 
put on display in order to give the guests an under- 
standing of the direction in which the Basic Research 
Center was heading, but what we made after that was a 


1/1000 scale model of a Toyoda AA classic car. This 
microcar became our chance for participating in the 
micromachine R&D project. The size of this microcar is 
4.785mm length x 1.730 width x 1.736mm height; it was 
produced using shell body processing technology, and it 
really works when energy is supplied by a cord. Seeing a 
car that is smaller than a grain of rice actually run is 
impressive. This is a “certified” car that has been 
recognized by the British Guinness Book of World 
Records as the world’s smallest car. 


Hattori says the following about the application of 
micromachine technology to cars. 


“Up to now, the miniaturization of functions has always 
been for the reduction of costs. However, microma- 
chines will demonstrate their strengths without fail with 
themes such as safety standards and exhaust standards.” 
Thus, micromachines are a technology that is very 
attractive even for the automobile industry. 


Economic Effects of Micromachine Technology 
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[Article by Tsuneo Noguchi] 


[FBIS Translated Text] Since the beginning of this year, 
there has been renewed interest in micromachines. They 
were a novelty when they first appeared in 1987 and 
were given attention, and for a little while they were a 
sensation. The reason that they have once again attracted 
attention is that they have moved toward concrete 
practicality. We cannot say that these steps have been 








This report may contain copyrighted material. Copying and dissemination 
is prohibited without permission of the copyright owners. 











16 


rapid, but they are certainly progressing, and along with 
this, it has become possible to predict the scale of the 
market. We will consider the market in the 21st Century 
and the technological breakthroughs that are necessary 
for its formation. 


Micromachines To Cause Technological Revolution 


In the past few years, there has been a rapid rise in the 
interest in micromachines among researchers and engineers, 
as well as in industry. It is predicted that micromachine 
technology will cause epochal changes (paradigm shifts) in 
the existence of technology in the 21st Century and that the 
technological and economic reverberations will be very 
large. Because of this, MITI has begun “Micromachine 
Technology Research and Development” with ¥ 25 billion 
over ten years through the Large-Scale Industrial Tech- 
nology Research and Development Program. 


Takayuki Hirano, Managing Director of the Microma- 
chine Center, explains the MITI R&D project as follows. 


‘“‘Micromachine technology is a comprehensive tech- 
nology that is spread over various technical and scien- 
tific academic areas, starting with mechanical engi- 
neering, electronic engineering, biology, physics and 
chemistry, and an independent technological system has 
yet to be established. Thus, the first thing is the estab- 
lishment of a technological system and elemental tech- 
nology for micromachine technology, and this is the 
main goal of this project.” 


In a word, there are various definitions for micromachines, 
but for the present, the MITI project is setting the target of 
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making miniature machines of 10nm to Imm. There are no 
arrangements for the processing of micromachines on the 
nanometer level, which exceeds even the micron and sub- 
micron levels, and furthermore, it would be close to impos- 
sible to put them into motion. Naturally, there is a need for 
breaking through the technological limits, the core of micro- 
machine technology is just how that technological break- 
through will occur. 


Silicon processing technology is representative of the 
creation and processing technology for micromachines 
using the concepts from conventional mechanical engi- 
neering and mechatronics technology. Even so, the 
machining precision of current silicon technology is in 
micron and submicron units, and it has not reached the 
world of nanometers. 


Furthermore, all that can really be made using silicon 
technology is 2-D planar structures. Currently, all that can 
be accomplished is the layering of thin films on a flat 
surface. However, machines are solids with 3-D structures. 
In the future there will be a need for freely assembling and 
processing micromachines in 3-D space on the nanometer 
level. There is a limit to the concepts of current mechanical 
engineering and mechatronics technology for this, and 
there is a need for new concepts and processing technology 
in order to have a technological breakthrough. 


The core of the technological breakthrough in the nanom- 
eter world can be said to be how the mechanical energy will 
be acquired and how the actuators are moved. 





Flat Gate Magnetic Sensor (Itao Laboratory); detects minute changes in external magnetism with high sensitivity 
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Micromachines Learning From Insects 


Prof. Hirofumi Miura of Tokyo University, who is an 
authority on Japanese robotics and has developed 
numerous intelligent robots says the following con- 
cerning this point. 


“There is a limit to designing and producing microma- 
chines using extensions of conventional mechanical 
engineering and mechatronics. In o der to facilitate a 
technological breakthrough, it is important to learn from 
living things like insects. “For example, we have the 
simple movement of insects. It is impossible to incorpo- 
rate microcomputer and servo mechanisms into micro- 
machines in the nanometer world and have complex 
movement and control. The simple reflexive and instinc- 
tual movements of insects are more appropriate. Fur- 
thermore, there is their structure. The point is reducing 
friction as much as possible. Mammals have internal 
skeletons, and insects have external skeletons. The parts 
of the external skeleton are connected by thin films, and 
it is hard for friction to arise. The use of internal 
skeletons for microstructures is unsuitable due to the 
generation of friction. Therefore, they are moving 
toward the use of external skeletons like those of insects. 
On the minute level of the world of nanometer units, it 
becomes that much more important to have independent 
movements and structures. Hints for this must be 
learned from living things.“ 


The Problem of Energy Sources Is Also Important 


In terms of a breakthrough in technology the problem of 
the source of energy is important along with motion and 
structure. In other words, this is the problem of how the 
micromachine parts work as a system and how the 
energy is obtained. 


Kiyo Itao of Chuo University speaks about this point. 


“We can consider various means for obtaining microen- 
ergy. The core of the problem is minimal energy consump- 
tion, and this is how to create a microsystem with the most 
efficient movement. In this sense, microsystem and micro- 
dynamics technology, which are the areas that research 
these fields, will become steadily more important in the 
future.” 


In terms of energy acquisition, internal batteries, supply 
from external leads and wireless remote supplies can be 
considered. However, in supplying energy to microma- 
chines on the nanometer level, it is impossible to use 
internal batteries or leads. Naturally, the supply of 
microenergy will be wireless, but various methods for 
this, such as the use of lasers and the supplying of energy 
through resonance are being examined. 


We can also take hints from the world of living things for 
the methods for energy conversion. For example, when 
the flagellum of a bacterium or the linear actuators of 
striated muscles produce high-speed motion, they work 
with maximum efficiency with a minimum of energy 
consumption. In other words, they perform a quantity of 
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work much greater than the input energy, and the energy 
conversion can be said to be extremely high. The clari- 
fication of the energy acquisition and conversion mech- 
anisms of these living things and the application of them 
in micromachine technology is an important problem for 
the future. 


From Precision Engineering to Multimedia 


Applications for micromachines are thought to actually 
cover a wide range starting with medical treatment, 
health, measurement and precision equipment, OA and 
AV and communications. In particular, in the field of 
medical treatment, microtechnology is already being 
used with micron and submicron units, without even 
going to the nanometer world. For example, we have the 
microsurgery technology used in ophthalmology, nose 
and ear specialties, plastic surgery, and brain surgery, 
blood vessel formation technology using endoscopes 
inside blood vessels and abdominal organ technology 
using endoscopes within the abdominal cavity. In addi- 
tion, cell operation technology that makes use of units of 
several microns is necessary in biotechnology, and fur- 
thermore, microtechnology on the submicron level is 
necessary for cell surface manipulation technology and 
technology for processing inside ceils. 


What is really attracting attention in medical fields are 
examples of considering the use of various microma- 
chines to perform functions and operations on areas that 
need treatment while being observed by ultra-small 
endoscopes passing through blocd vessels and various 
body cavities. The micromachines and microsystems 
that are necessary for this are machines that automati- 
cally conform to small blood vessels; they are microma- 
chines that can excise the necessary tissues, stop 
bleeding, make sutures and cauterize, and furthermore, 
they have microactuators that can freely and autono- 
mously move to any of these places. 


There are also many ideas for the use of micromachines 
in communications fields, but what is attracting atten- 
tion as having the potential for epochal reformation of 
information inputs used up to now is microsensing 
systems (microsensors) with intelligent functions. 


“Up to now information technology has been the input- 
ting of information selected by human beings, or human- 
based input technology, as implied by the term ‘human 
interface.’ 


“However, in the 21st Century, which is said to be one of 
coexistence and cooperation between man and nature, 
microsensing systems will be set up in the natural world 
and continually take in signals (information) expressed in 
the natural world, and since they will have intelligent 
functions, nature interface technology, in which the sen- 
sors themselves determine whether or not information 
should be input will become more and more important. 


““Microsensing systems with intelligent functions are an 
extremely important central technology for supporting a 
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From Precision Engineering Through Microdynamics to Multimedia 


Key: 1. multimedia 2. information input 3. information propagation processing 4. information recording 5. 
information output 6. 3-D information input sensors 7. optical interconnections 8. next generation MSS 9. printers 10. 
displays 11. ultra high-speed disk storage 12. ultra high-density memory 13. high-speed paper feed 14. future clocks 
15. flux magnetism sensor 16. microgyros 17. ultra high-speed transmission 18. micropincette 19. micro-acceleration 
sensor 20. micro-positioner 21. micro-optical energy transfer 22. micre-vibration energy propagation 23. micro- 
autovibration 24. actuator sensor system 25. microdynamics/microsystem technology 26. microsensor technology 27. 
microprocessing technology 28. micromechanical control technology 29. micromechanical design technology 30. 
microenergy technology 31. microstructure technology 32. microactuator technology 33. micro-assembly technology 
34. precision engineering 





multimedia society. For example, ‘remote sensing com- __ will be applied to existing products, and “applications 
munication systems’ that use multimedia that commu- _that will create new markets,” in which the development 
nicate a real atmosphere that is full of the ambience of and dissemination of micromachine technology will 
the human and natural worlds have as a prerequisite the —_ create completely new markets. 
use of microsensing system technology,” (Sakao). 

In either case, the main fields of application will be 


We can “onsider an infinite number of other utilization _ information processing equipment (OA, AV, communica- 
and application developments for miromachne 1h ton, ee preion instrument (cameras, clock, et) 
name of potcatonn fpr tow ° medical equipment and measurement instrumentation. 
Centered around these fields, the market for applications 
A ¥ 1.9 Trillion Market at the Beginning of the 21st that are alternatives to existing products is predicted to 
Century be on the scale of ¥ 130 billion at present (1993), ¥ 370 


In May 1994, the Micromachine Center published a _ Dillion in 2005 and ¥ 640 billion in 2010. 


Micres pos ed | nerene ~ = Seonemic Etets of In contrast to this, three cases can be predicted for 

applications that create new markets, according to the 
According to this, the economic reverberations can be _— passage of time from the establishment of markets and 
divided into “applications that are alternatives for their growth. If each of these three cases is added to the 
existing products,” in which micromachine technology market for replacing existing products, the scale of the 
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market predicted is the same for the present at ¥ 130 
billion, about ¥ 500 billion or more in 2005, and from 
¥ 1.2 trillion to ¥ 1.9 trillion in 2010. 


Whether this market prediction of the economic effects 
is large or smaller than expected probably depends on 
one’s position or way of looking at things. However, 
when this is compared to the economic reverberations of 
multimedia technology (market predictions), which are 
large at ¥ 50 trillion to ¥ 120 trillion in the year 2015, we 
can think of these figures for the economic effects of 
micromachines as being fairly conservative. 


A New Renaissance Opened by Micromachines 


“It is thought that micromachine R&D will be the ‘new 
mechanical renaissance’ that opens the way for our 
dreams of the 21st Century. The industrial revolution in 
England in the 18th Century was obviously a ‘mechani- 
cal revolution.’ Everyone knows that the mechanical 
revolution created new industries one after another. 


“Conversely, it is probably not too much to say that 
micromachines will be a ‘new mechanical revolution’ 
and ‘new mechanical renaissance’ that will open the way 
for our dreams of the 21st Century. It is a paradigm shift 
that will overthrow the mechanical engineering and 
mechatronics we have had up to now,” says Hirano of 
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the expectations for technological and economic rever- 
berations of micromachines. 


Hirano metaphorically expresses the complete techno- 
logical system that supports micromachine technology in 
terms of one of the mandalas of the two worlds of 
esoteric Buddhist (the world of strength and the world of 
the womb), the mandala of the womb. 


In contrast to the fact that the world of strength symbol- 
izes intelligence here, the world of the womb symbolizes 
reason. And in place of the Dainichi Buddha, which 
symbolizes universal truth, in the center, are the knowl- 
edge principles leading to the new technological system 
for micromachines. This is really a unique way of 
looking at things. 

By the way, what will determine the economic effects of 
micromachine technology is just how much of a new 
market can be created, rather than substitute applications 
for existing products. In terms of creating a new market, 
there are greater possibilities in mechatronics technology, 
which is centered on mechanical engineering, than for 
electronic device technology centered on semiconductors. 
On this point, there are not a few who think that Japan’s 
taking a technological approach based on mechanical 
engineering would be very effective. As expected, this 
country will probably take the initiative in the develop- 
ment of micromachines for the 21st Century. What hap- 
pens from here on will be intersecting. 
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Key: |. medical & health fields 2. microsurgery 3. power plants, chemical plants 4. aircraft 5. ships 6. buildings 7. 
micro-FMS, micro-plants 8. industrial production fields 9. IC processes 10. product improvement ! 1. pollination 12. 
forestry and fisheries fields 13. blight control 14. water quality and pollution surveys 15. environmental fields 16. air 
pollution surveys 17. satellite mission equipment 18. space and aeronautics fields 19. operating equipment 20. 
audiovisual systems 21. optical communications systems 22. information processing equipment 23. high-density data 
storage 24. normal health maintenance 25. artificial organs 26. communications and control technology 27. motion 
control (speed, acceleration, attitude) 28. power control 29. man/machine interfaces (between macro/micro environ- 
ments) 30. interface technology 31. signal connectors (optical, electric) 32. mechanical connectors 33. flexible 
structured systems 34. integration technology 35. single unit sensing & actuator device structures 36. data compression 
37. autonomous control 38. distributed control 39. cooperative control 40. energy sources 41. energy conversion 42. 
motion transmission & conversion mechanisms 43. drive device technology 44. actuators 45. flow control mechanisms 
46. micro-VSU, 3-D interconnection mounting 47. electronic device technology 48. mechanism/circuit unitization 49. 
biological quantities 50. chemical quantities 51. sensor device technology 52. electromagnetic quantities 53. 
mechanical quantities 54. energy storage 55. energy transmission 56. energy device technology 57. processing and 
assembly technology 58. 3-D microprocessing 59. bulk 60. surface 61. materials technology 62. miniature structure 
single crystals 63. amorphous structures 64. mechanical dynamics 65. tribology 66. micro-science & engineering 67. 
fluid engineering 68. thermal transfer engineering 69. simulators 70. guidance design 71. databases 72. CAD systems 
73. dynamic characteristics 74. force/torque 75. measurement technology 76. 3-D shapes & roughness 77. transport 78. 
assembly 79. grants 80. surveys 81. Micromachine Center 82. standardization 83. exchange 84. dissemination 85. 
knowledge of the micro-world 
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Micromachines for the 21st Century 


9S5SFEOOISE Tokyo TRIGGER in Japanese 
Vol 13 No 10, Oct 94 


[Article by Toshiaki Hidaka] 

{FBIS Translated Text] Micromachines are seen as one 
of the basic technologies representative of the 21st 
Century. However, since it has not been long since 
research began, there are no successes to draw people’s 
attention yet. However, the public agrees that there are 
great possibilities hidden in this. Thus, materials 
research as well as research on both hardware and 


software for systems, concepts and structures is moving 
forward. 


Micromachines Take an Active Part in Medicine 


“What is interesting about micromachines as seen by us 
engineers is that sensors and actuators are put together in 
a single unit,” says Prof. Masao Karube of the Research 
Center for Advanced Science and Technology, Univer- 
sity of Tokyo (RCAST). Prof. Karube is this country’s 
number one man in bioelectronics research. Up to this 
point, sensors have been used for measurements of 
various physical and chemical parameters, but their 
ultimate goal is the feedback of information and the 
movement of some sort of actuator. For this, actuators 
are necessary. 


“The market for biosensors is ¥ 120 billion just for 
glucose, and at the beginning of the 21st Century it will 
probably be ¥ 2-3 trillion. Driven by this kind of neces- 
sity, sensors are getting smaller and smaller. Therefore, 
we would like actuators to get smaller, and for this 
reason, micromachines are attractive.” 


The most powerful candidate as a field of applications 
for micromachines is the field of medicine. Even Prof. 
Karube’s laboratory is moving forward on research in 
this field, and the final goal is being able to imbed 
sensors in the human body, extract data for examina- 
tions and treatments. If this is realized, it is unnecessary 
to gather large amounts of blood and take a long time for 
tests on patients, and medical activities such as remote 
diagnosis and treatment without contact with the patient 
will become possible. 
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Remote treatment is the doctor’s preparing of organs 
that are the same as those of the patient and performing 
surgery using a virtual reality system while observing the 
data from the sensors imbedded in the patient. The 
actuators where the patient is operated on in just the 
same manner, and skillful operations can be carried out. 


Micromachines Are the Wings of Multimedia 


“It is said that multimedia is a ¥ 120 trillion market, and 
various uses have been indicated, but | think that one 
third of that, or ¥ 40 trillion, will be in health and 
medica! information systems. Applications of microma- 
chines in medicine are presently at a practical level of a 
portable artificial pancreas that uses a millimeter 
machine motor, but research on ‘design and synthesis of 
biologically functional molecules’ and implanting them 
in the body has begun. Starting in 1993, funding of ¥ 400 
million was received from the Ministry of Education.” 


This design and synthesis of biologically functional mol- 
ecules is research on biosensors that use materials that 
are compatible with living organisms. Right now 
progress is being made with B-chitin, which is a compo- 
nent of the cartilage of squid, and this is broken down 
and reconstructed into fibers. The method is one in 
which metals that are harmless to the body are then 
vapor deposited onto this to make electrodes, and with 
the implanting of oxygen, sensors are formed. 


“If enzyme (oxygen) etching is used, etching on the 
Angstrom order is possible. Thus, the problem is actua- 
tors, but collagens are used in the base material. We call 
this biochemical etching, but micromachines that are 
compatible with living organisms can be made. Besides 
this approach of using natural materials for the design 
and synthesis of biologically functional molecules, 
progress is also being made on the approach from 
man-made materials. This is called molecular 
imprinting, but it takes the form of biological polymers, 
and if other molecules are implanted in them and given 
the form of the original polymer, it is possible that they 
could move in the same manner as biological polymers. 
This idea of using molecular implanting in models for 
biomachine development is probably not being used 
anywhere in the world.” 
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The Size of These “Artificial Ciliation System™ Actuators Is 100(w) x SO00(1) x 6(t)um. They move using differences 
in thermal expansion (Fugita Laboratory) 








Biosensor. It is covered with an oxygen fixing {}-chitin film. Metal has been vapor deposited on one surface. 





Materials [hat \re Fasy on the Body and Environment 
Are Necessary 

The first material that comes up when we discuss micro- 
machines 1s silicon. However, when we consider applica- 
tions in medical fields, there 1s a problem with compati- 
bility in the implanting of silicon in the body. Therefore. 
attention 1s being given to materials that are easy on the 
body, such as the (}-chitin put forth by Prof. Karube and 
metals and collagens, but Prof. Hiroaki Yanagita, Director 
of the Tokvo University Environmental Safety Research 
Center. says. “Carbon fibers are interesting as materials.” 
Prof. Yanagita, who 1s an authority on intelligent materials 
science, says the following 


“What must be said before we talk about materials for 
micromachines is that point of asking whether current 


technology in general ts not just for the researchers and 
engineers themselves. This is what | call the ‘technomo- 
nopoly, but when our field of vision stops at materials, 
complex materials are out there in society as a result of 
our trying to make them stronger or more durable, and 
even if we talk about recycling them, the average person 
does not understand the materials, so he does not try to 
cooperate. Therefore, simple materials that are generally 
understood are necessary. The more one asserts his 
originality, the more he must bear social responsibilities. 


“In the same way, | would like to see micromachines 
focus on fields in which there are expectations for 
societal needs. This is because researciners will be able to 
do anything they want to, if this does not happen. 
Speaking in terms of prerequisites for this, microma- 
chine materials must be simple but they must have the 
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required functions. I think that a skillful fusion of carbon 
fibers and glass fibers would be interesting. While carbon 
fibers are hard and do not stretch easily, they break when 
they are stretched. However, if these are mixed with glass 
fibers, they last for quite some time. In other words, as 
long as sudden breakage is avoided, data can still be 
obtained even if half are broken. If carbon fibers and 
glass fibers are skillfully mixed, they have the same 
elongation ratio as iron. This is easy to understand in 
terms of structure; the weight is one fourth that of iron, 
and it will not rust. While the cost will be high at 
first, it will be inexpensive in the end, if we include 
maintenance.” 


Although they are not micromachines, there are several 
uses of this that deserve attention. For example, this 
material is imbedded in the walls around safes instead of 
steel reinforcement. If someone tries to rob the safe and 
begins to break this down, sensors operate. Since it is 
strong, it takes time to break through this material, and 
the alarm set off by the sensors is set up to allow the 
police to arrive on the scene. This contrivance is already 
in use in some city buildings in Japan. 


“It can also be used in memory. Since this material 
remembers if it has been exposed to severe conditions in 
the past or if breakage has started, it is appropriate for 
finding damage that would not be found in the zero 
stress state. In other words, residual resistance appears. 
Thus, there are possibilities for applications in various 
fields, such as aircraft, bridges, roads and buildings. 


“Thus, I am thinking in terms of using carbon fibers in 
micromachines. One reason is that carbon conducts 
electricity, and the inputting and extracting of signals 
will be easy to carry out. One more reason is that, for 
example, when heavy metals are imbedded in the body, 
things that are not good for the body occur, but carbon is 
not harmful to the human body, and when it is no longer 
useful, it can be burned up, making the final processing 
simple. In other words, carbon is excellent in terms of the 
environment and in terms of compatibility with the 
body.” 


Fusion of and Mechanics in the 
beans 
Prof. Hiroyuki Fujita of the Institute of Industrial Sci- 
ence, University of Tokyo says that micromachines 
should be grasped in terms of systems rather than as 
machines. 

“The word ‘machine’ is a source of error. Since we say 
‘machine,’ we give the image of large machines that have 
just been miniaturized, but the reality is a form in which 
electric operations and mechanical operations have been 
fused in the ‘micro’ world. Since we have applications of 
this, we can make many actuators, sensors and logical 
devices. Since, speaking in human terms, these are like 
cells, they are brought together and do work as a whole, 
so it would probably be better to say ‘microsystem’ or 
‘nuicroelectronic-mechanical system.” 

Fujita’s microsystem, is not a system that receives com- 
mands from the outside, but rather one that can do work 
by conferring within itself, and it can handle external 
changes. The name given this is “discrete, autonomous 
microsystem.” 

In terms of something that makes use of this system. we 
have, for example, a transport system that is made of 
many modules spread out in two dimensions. The image 
is one of a spread of 100um to 500mm tiles, and each 
module (tile) has a sensor, logic circuit, communications 
circuit and an actuator that can move things in four 
directions. By moving its actuator in various directions, 
each module can move material, position it, and rotate 
it. The transport operations are carried out by artificial 
cilia (actuators) which are lined up on a substrate and 
bend through the differences in thermal expansion of 
bimetal structures. The transport speed is proportional 
to os uae frequency of the actuators, and at 20Hz, 
it is 0.Smm/s. 


“Besides the transport system, discrete, autonomous 
microsystems have applications in, for example, particle 
classification and optical printers. We can probably say 
that the bubble jet printers made by Canon and others 
are examples of applications of micro machines (micro 
systems). One might say that these are not microma- 
chine-like systems. We engineers must think of things 
that will be of use in the world. Therefore, even though it 
is good to pursue dreains of micromachine-like micro- 
machines, I think we should think of systems that are not 
necessarily micromachine-like. but are useful in this 
world for the present.” 
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Ultramodern Agriculture Realized Through 
Micromachines 

Reduction in the size of large things and functioning 
without hindrance, that alone is impressive. However, 
micromachines are not that simple. The current rate of 
miniaturization is in the process of development, and 1t 
has stopped at the millimeter machine or, in some cases, 
the centimeter machine. But in the 21st Century micro- 
machines and nanometer machines will exceed, which 
we are only able to imagine, will be in operation. 


For example. there is ultramodern agriculture that 
makes use of micromachines. Centimeter or millimeter 
scale micromachines with both sensors and actuators 
will be distributed in vegetable and rice fields tilled along 
with the soil. Since they are so small, one would not even 
notice them unless he looks very carefully. Since they are 
so small, there is no problem even if they are tilled along 
with the soil by combines. Some will be up on the 
surface, and others will be buried in the soil. Each of the 
micron nes will function in this state. 


If noxious » appear. the farmer will be notified by 
a certain muitimedia PC. Otherwise, they will detect the 
state of fertilizer and water distribution, and through 
connection with a PC system (an agricultural expert 
system, for example), they will tell what should be done. 


“Agriculture ts difficult, dirty and dangerous (the 3 D’s) 
work. At the present rate, the number of people carrying 
on from their parents is steadily decreasing. Few women 
are willing to marry into farming families. However, 
through the use of micromachines, this kind of ultra- 
modern agriculture will be possible,” (Karube). 


The 21st Century as drawn by micromachines is attractive. 
Small is beautiful. Whether or not we can enjoy this will be 


determined by the solution of the problems, such as power, 
durability and safety, in present micromacnines. 


Nanometer Machines Are the Ultimate Micromachines 


Based on the idea of the likeness of living things to 
machines, we are delving to the molecular level for 
explanations recently, and there is a great weal of activity 
in using this in the design of machines. One of the first of 
these is the flagellum motor. Even though it is said that 
there are no rotating parts in living things, the only 
exception is motor-like and reverse rotation. However, 
the thickness is of the nanometer order, smaller than 
microns, which is beyond human knowledge. The impact 
of flagellum motors on micromachine research and 
development is not small. 


Challenging the Microscopic World 


The units that we are normally accustomed to are at the 
smallest millimeters (mm). But they go on to microme- 
ters (um) which are 1/1000 of these, then nanometers 
(nm) which are further 1/1000 of these, then picometers 
(pm) and attometers (am), etc. 


The 1/1000 of Imm that is the target of micromachines 
is very small. Furthermore, nanometers are in a micro- 
scopic world beyond what we can see, and picometers are 
in the world of hydrogen nuclei. Anything smaller than 
that, and our imaginations cannot fathom it. 


If we think of Inm as Icm, a postcard would be four 
times the size of Japan. This is a world that is that 
absurdly small. Just how small will the human challenge 


- go? In the search for our limits, we are now beginning our 


challenge of the nm world. 
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One of the opportunities for starting this challenge was 
the discovery of the flagellum motor that allows bacteria 
to move. In 1974, M. Shirubaman [literal] and M. Simon 
discovered that they exist. Flagella are thin and whip- 
like; a number of them protrude from bacteria like tails, 
and they rotate at high speeds. Bacteria that use flagella 
repeatedly swim in a straight line for 2-3 seconds and 
then turn. The speed is 10-30um/s. 


Flagella actually have a long, thin structure, with a diam- 
eter of 24nm and a length of several tens of microns. This 
is fixed to the cell membrane, and the area where it is 
attached is a rotation mechanism 30nm in diameter and 
50nm thick. This is the flagellum motor. This motor turns 
at a speed of 250 rps, and this rotation makes the flagellum 
move like a screw to create movement. 


Flagellum Motors as a Model for Nanometer Machines 


The bodies of all living things are formed from large 
molecule structures of proteins. Flagellum motors are 
made from 10 different types of protein. 


What makes for the generation of rotary force is seen as 
being made up of M-rings, Mott complexes and a switch 


complex inner membrane. The switch complex controls 
the motor reversal, and the L-rings and P-rings are said 
to play the role of bearings. The structure of the fla- 
gellum itself is one in which crosswise-cut proteins are 
lined up in rings and form a hollow tube. We can say that 
this flagellum motor is a precision machine made of 
protein. 


When living things move, adenosine triphosphate (ATP) 
is always necessary. This material is an energy material 
common to all living things, and the energy derived 
during hydrolysis of ATP is converted into motion. 
However, flagellum motors are special in that they are 
seen as moving through the use of a difference in the 
concentration of hydrogen ions on the inside and outside 
of cell membranes. However, this is not known for sure. 


Flagellum motors are unique among living things for 
having rotary motion and being able to reverse it. If the 
molecular-level mechanical structure, the means of rota- 
tion and the manner in which it is formed are sufficiently 
understood, it can be thought of as being a handhold for 
considerations of future micromachines. 





Flagellum Motor. Each of the grains is a protein molecule (from NHK “Nanospace”) 
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Structure of Flagellum Motor for the Exterior Cell 
Membrane of Bacteria 


Key: 1. joint (figK, flugL) called HAP! and HAP2 2. 
cover (Hap2 (fliD)) 3. flagellum fiber (fliC) 4. hook (figE) 
5. bearing: L-ring (flgH), P-ring (flgL) 6. outer membrane 
7. peptidoglycan layer 8. rotor: S-ring, M-ring (fliF) 9. 
cell membrane 10. stator 11. switch complex (motor 
control unit) 12. rod (figB, figV, flgF) 13. from Iwao 
Fujimasa “Invisible Machine” Ohmsha (following page 
also) 





Scanning Tunnel Microscopes Open the Nanometer 
World 


In order to see flagellum motors in a living state, it was 
necessary to develop microscope technology. Electron 
microscopes can clearly see microscopic organisms of the 
nanometer order, but it is impossible to view them in the 
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live state because the subject is in a vacuum. What has 
changed this is the progress in microscope technology. 
The start of these developments was the scanning tunnel 
microscope (STM). In combination with image pro- 
cessing technology, this microscope has already been 
taken to a precision that can read off the arrangement of 
the double chain of DNA. In comparison with the 
expectations for Nobel prizes in the past with the esti- 
mations of structures using X-ray analysis, this seems 
like a different world. 


The tip of this scanning tunnel microscope, which is 
called the probe, is sharpened to the size of one atom, 
and it measures by using the tunnel current that flows 
when this probe nears the surface of an object; a method 
of reconstructing this using image processing technology 
is used. Following the scanning tunnel microscope, 
microscopes for measuring other physical quantities 
have been developed. For example, there are physical 
quantities such as the force operating between atoms, 
ions, magnetic fields and temperature. The general term 
for these is scanning probe microscopes (SPM). 


Atomic force microscopes (AFM) use the small amount 
of repulsive force between atoms, and they are scanning 
devices that measure by detecting the displacement of a 
laser beam reflected from a beam that is bent by this 
repulsive force. And it has become possible to do 
machining using this microscope. In 1990, the IBM 
Amaden [literal] Research Laboratory in California, 
U.S. was successful in writing the letters “IBM” with 34 
xenon atoms on a nickel plate. This is actually a world of 
surprises. It has become possible to assemble molecules 
and form structures by shaving off atoms a few at a time. 


From the beginning, the CT scanner-like tomography of 
laser scanning microscopes could show 3-D images, and 
it has become possible to view moving images. The 
ability to observe living things on the nanometer level is 
the foundation of nanometer technology. 
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Operating Principles of the STM 
Key: 1. on the atomic level 2. probe 3. contour surface (equal tunnel probability surface) 4. sample 5. z-axis 6. y-axis 
7. x-axis 8. image processing 9. tunnel current setting 10. tunnel current 11. bias voltage 12. Chinsai: “Advanced 


Medicine,” 47(5), 817 (1992) (figure below also) 
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Operating Principles of the AFM 


Key: |. photodiode 2. laser 3. acrylic glass 4. O ring 5. 
sample 6. liquid 7. cantilever 8. XYZ scanner 9. laser 
light 10. cantilever 11. probe 





aa of Nanometer Technology Will Change 
According to Iwao Fujimasa of RCAST, there are two 
directions from which nanometer technology can be 
imagined. One is thinking in terms of making larger 
things smaller and smaller, and this is called top-down. 
The other is thinking in terms of biological principles, 
and this is called bottom-up. 


“We started out with an analysis of what would happen 
as we made large things smaller. At exactly the same 
time, Drexler in the U.S.A. came out with the opposite 
concept. Since this is the direction of automatically 
assembling structures in the same way as in living things, 
the word autoassembly is used. In the end, it turned out 
that we will be working from both ends.” Fujimasa is 
working on the top-down side. Either way, we are in the 
world of biomachine theory. 


The starting point for biomachine theory is the “animal 
machine theory” of Descartes. He divided human beings 
into body and mind, and he thought of the body as a 
sophisticated machine that God had created. The differ- 
ence between animals and man is the mind, in other 
words, having thought, where animals do not think, so 
the conclusion is that they are the same as machines. 
This animal machine theory of Descartes became the 
“human machine theory” of La Mettrie. He took Des- 
cartes machine argument even further, and said that 
what man had that was superior to animals was not the 
mind, but the brain. 
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This human machine theory flowered in the U.S.A., and 
it was continued with the exclusion of all supernatural 
and mysterious elements from the phenomenon of life, 
and that established molecular biology and gave birth to 
the theory of cybernetics. In Chance and Necessity 
Jacques Monod made a comprehensive survey of life 
machine theory based on molecular biology. Monod 
says, “Living things are chemical machines.” “Living 
things are consistent like machines, and they are con- 
structed overall of uniform functional elements.” 
“Living things are self-constructed machines.” And 
beyond this, he says, “‘Protein itself leads the activities of 
the chemical machine in a fixed direction, performs a 
consistent function and constructs the machine.” 


The human machine theory that has been constructed in 
this way, is about to change drastically. 


Fujimasa says, “Among molecular biologists, there are 
many who see living things as chemical machines, but we 
have come to see that the possibilities that they operate 
under a different principle are large. At present science is 
moving in that direction.” 


The phenomenon of life, which has been seen conven- 
tionally from the macroscopic world, could be com- 
pletely redrawn. It is said that the tendency is in that 
direction. This is because the nanometer world works 
under different principles, and that will probably change 
biological theories. 


“If we ask why, the answer is that with advances in 
microscopes, we can see molecular reactions that we 
could only imagine before in living things in the live 
state.” 


Will Nanotechnology Change Mechanical Engineering 
From the Ground Up? 


On the other hand, just now can we conceive of nanometer 
machines. 
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The information stored in deoxyribonucleic acid (DNA) 
is replicated in ribonucleic acid (RNA), and proteins are 
created when transfer RNA lines up and connects amino 
acids based on this information. 


This accurate mechanical activity of living things is the 
starting point for thinking about nanometer technology. 
There is no substitute for DNA in our first conceptions 
of nanometer technology. 


According to Fujimasa, the manner in which industry is 
pursuing so called micromachines on the micron level 
will not be able to handle medicine and biology. 


He explains, “Living machines are all made of parts of 
less than lm. When we deal with medicine and biology, 
we must be below Ipm. Therefore, nanometer machines 
are necessary. But industry has no interest in talk of the 
fact that nanometer machines are the biological world. 
Yet the impact of nanometer technology will be larger. 
This is because living things have completely different 
ways of using energy, and they really work efficiently. 
There is a hidden principle in that, and that starts 
somewhere under Im. This is the interesting part of 
nanometer technology. Nanometer machines are engi- 
neering that is out in front of micromachines.” 


Things made with parts on the nanometer level are 
micromachines in the real sense, and with the method of 
miniaturizing conventional machines, there is a point at 
which most of them cease to operate. Therefore, he 
explains, if we push forward with nanometer technology, 
there is a possibility that mechanical engineering will 
change from the bottom up. 


In other words, this means that the next step in micro- 
machines is in nanometer technology, but that fact is 
difficult to see. It is something that will probably test our 
imagination. 
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inferred that they have been disseminated only in the medium, in the language, or to the area indicated. 
Items from foreign language sources are translated; those from English-language sources are tran- 
scribed. Except for excluding certain diacritics, FBIS renders personal names and place-names in accor- 
dance with the romanization systems approved for U.S. Government publications by the U.S. Board 
of Geographic Names. 


Headlines, editorial reports, and material enclosed in brackets [] are supplied by FBIS/JPRS. 
Processing indicators such as [Text] or [Excerpts] in the first line of each item indicate how the 
information was processed from the original. Unfamiliar names rendered phonetically are enclosed in 
parentheses. Words or names preceded by a question mark and enclosed in parentheses were not clear 
from the original source but have been supplied as appropnate to the context. Other unattributed 
parenthetical notes within the body of an item onginate with the source. Times within items are as given 
by the source. Passages in boldface or italics are as published. 











SUBSCRIPTION/PROCUREMENT INFORMATION 
provided 


The FBIS DAILY REPORT contains current news 
and information and is published Monday through 
Friday in eight volumes: China, East Europe, Central 
Eurasia, East Asia, Near East & South Asia, Sub- 
Saharan Africa, Latin America, and West Europe. 
Supplements to the DAILY REPORTs may also be 
available periodically and will be distributed to regular 
DAILY REPORT subscribers. JPRS publications, which 
include approximately 50 regional, worldwide, and 
topical reports, generally contain less time-sensitive 
information and are published periodically. 


Current DAILY REPORTs and JPRS publications are 
listed in Government Reports Announcements issued 
semimonthly by the National Technical Information 
Service (NTIS), 5285 Port Royal Road, Springfield, 
Virginia 22161 and the Monthly Catalog of U.S. Gov- 
emmment Publications issued by the Superintendent of 
Documents, U.S. Government Printing Office, Wash- 
ington, D.C. 20402. 


The public may subscribe to either hardcover or 
microfiche versions of the DAILY REPORTs and JPRS 
publications through NTIS at the above address or by 
calling (703) 487-4630. Subscription rates will be 





by NTIS upon request. Subscriptions are 
available outside the United States from NTIS or 
appointed foreign dealers. New subscribers should 


expect a 30-day delay in receipt of the first issue. 


U.S. Government offices may obtain subscrip- 
tions to the DAILY REPORTs or JPRS publications 
(hardcover or microfiche) at no charge through their 
sponsoring organizations. For additional information 
or assistance, call FBIS, (202) 338-6735.or write 
to P.O. Box 2604, Washington, D.C. 20013. 
Department of Defense consumers are required to 
submit requests through appropriate command val- 
idation channels to DIA, RTS-2C, Washington, D.C. 
20301. (Telephone: (202) 373-3771, Autovon: 
243-3771.) 


Back issues or single copies of the DAILY 
REPORTs and JPRS publications are not available. 
Both the DAILY REPORTs and the JPRS publications 
are on file for public reference at the Library of 
Congress and at many Federal Depository Libranes. 
Reference copies may also be seen at many public 
and university libraries throughout the United 
States. 
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